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Abstract
The inclusive production of D∗±(2010) mesons in deep-inelastic scattering is studied with the H1 detector at HERA. In
the kinematic region 1 < Q2 < 100 GeV2 and 0.05 < y < 0.7 an e+p cross section for inclusive D∗± meson production
of 8.50 ± 0.42(stat.)+1.21−1.00(syst.) nb is measured in the visible range ptD∗ > 1.5 GeV and |ηD∗ | < 1.5. Single and double
differential inclusive D∗± meson cross sections are compared to perturbative QCD calculations in two different evolution
schemes. The charm contribution to the proton structure, Fc2 (x,Q
2), is determined by extrapolating the visible charm cross
section to the full phase space. This contribution is found to rise from about 10% at Q2 = 1.5 GeV2 to more than 25% at
Q2 = 60 GeV2 corresponding to x values ranging from 5 × 10−5 to 3 × 10−3.  2002 Elsevier Science B.V. All rights
reserved.
1. Introduction
Results on inclusive D∗± meson production in
deep-inelastic ep scattering (DIS) and on the charm
contribution to the proton structure function, Fc2 , at
HERA have been published by the H1 and the ZEUS
Collaborations [1–3]. These data, together with earlier
fixed target data [4], have shown clear evidence that
the dynamics of charm production in ep scattering is
described by the photon gluon fusion process, which
is sensitive to the gluon density in the proton [5] and
allows its universality to be tested.
Early results on D∗± production from the H1 ex-
periment [1] were based on an integrated luminosity of
3 pb−1 collected during the 1994 HERA running and
were therefore statistically limited. The current analy-
sis uses data from the 1996 and 1997 HERA running
periods, yielding a significantly larger integrated lu-
minosity of 18.6 pb−1. Furthermore, the improved in-
strumentation in the backward region of the H1 de-
tector enables the kinematic range in four-momentum
transfer squared to the virtual photon,Q2, to be signif-
icantly extended down to 1 GeV2. Hence, more precise
tests of perturbative QCD (pQCD) become possible.
In this analysis we use the D∗± production cross sec-
tions to test predictions of the standard NLO DGLAP
scheme [6] and also for the first time of the CCFM
evolution scheme [7]. We also perform the extrapola-
tion to full phase space of charm production in both
schemes to derive Fc2 .
This Letter is organized as follows: a short discus-
sion of the different approaches to open charm pro-
duction in perturbative QCD calculations is followed
by a description of the experimental set-up and details
of the analysis; the inclusive cross sections for D∗±
meson production are then presented and compared
to QCD predictions. Finally, they are used to derive
the charm contribution to the proton structure func-
tion, Fc2 .
2. Models of open charm production
The description of open heavy flavour production
in electron proton collisions is based on perturbative
QCD. In leading order (LO), the photon gluon fusion
process (γg→Q	Q) is the dominant contribution [1].
Next-to-leading order (NLO) calculations in several
schemes are available [8–12]. All approaches assume
that Q2 and the heavy quark mass mQ provide a hard
enough scale to allow the applicability of pQCD and
to guarantee the validity of the factorization theorem.
In this analysis the “massive approach” is adopted,
i.e., a fixed order calculation with massive quarks as-
suming three active flavours in the proton. The mo-
mentum densities of the three light quarks and the
gluon in the proton are evolved by the DGLAP equa-
tion [6]. The heavy quarks are assumed to be produced
only at the perturbative level [8] via photon gluon
fusion. These calculations are valid in the regime
Q2 ≈ m2Q. However, they break down at some scale
Q2 m2Q due to large logarithms ∼ ln(Q2/m2Q).
Programs for different applications were developed
based on fixed order α2s calculations in the coefficient
functions [8]. The Riemersma et al. program [9] can be
used to calculate inclusive quantities of heavy quark
production, like Fc2 (x,Q
2), while the HVQDIS pro-
gram [10,13] allows the calculation of exclusive quan-
tities by providing the four-momenta of the outgo-
ing partons. In the version of the program used here
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charmed quarks are fragmented in the photon–proton
centre of mass frame intoD∗± mesons using the Peter-
son fragmentation function [14], which is controlled
by a single parameter c . In addition, to account for
the experimentally observed pt smearing of hadrons
with respect to the quark direction, the D∗± meson
has been given a transverse momentum pt with re-
spect to the charm quark, according to the function
pt · exp(−αpt). The parameter α is chosen such that
an average transverse momentum 〈pt 〉 ≈ 350 MeV is
obtained as observed in e+e− data [15]. With this pro-
cedure it becomes possible to calculate differential in-
clusive D∗± meson cross sections in the experimen-
tally visible phase space region.
The CCFM evolution equation [7] is expected to
be more appropriate to describe the parton evolution
at small x . In the parton cascade, currently restricted
to purely gluonic contributions, gluons are emitted in
an angular ordered manner to account for coherence
effects. Due to this angular ordering, the gluon distri-
bution depends on the maximum allowed angle in ad-
dition to the momentum fraction x and the transverse
momentum of the propagator gluon. The cross section
is then calculated according to the kt -factorization the-
orem by convoluting the unintegrated gluon density
with the off-shell photon gluon fusion matrix element
with massive quarks for the hard scattering process.
It has been shown previously [16] that F2 and Fc2
can be reasonably well described within the CCFM
framework. In addition a solution of the CCFM
equation has been obtained recently [17] from a fit
to F2, which is able to describe the cross section for
forward jet production, where significant differences
to the expectation in the DGLAP evolution scheme are
seen. Using this solution the hadron level Monte Carlo
generator CASCADE has been developed [18]. This
allows the full generation of charm events including
the initial state gluon radiation according to the CCFM
equation and the fragmentation of partons by the
Lund String model. The fragmentation of charmed
quarks to D∗± mesons is performed using the Peterson
fragmentation function.
3. Detector and simulation
The data have been collected with the H1 de-
tector [19] at HERA during the running periods of
1996 and 1997 when HERA operated with 27.5 GeV
positrons and 820 GeV protons colliding at a cen-
tre of mass energy of
√
s = 300 GeV. The following
detector components are important for this analysis.
The scattered positron is identified and measured in
the SpaCal [20], a lead-scintillating fibre calorimeter
situated in the backward region18 of the H1 detec-
tor. The SpaCal also provides time-of-flight informa-
tion for trigger purposes. A four double-layer back-
ward drift chamber (BDC) [21] is mounted in front of
the SpaCal in order to improve the angular measure-
ment of the scattered positron. Charged particle tracks
are reconstructed by two cylindrical central jet drift
chambers (CJC) [19,22] placed concentrically around
the beam-line in a homogeneous magnetic field of
1.15 Tesla. The CJC also provides trigger information
[23] based on the detection of track segments. Double
layers of cylindrical multi-wire proportional chambers
(MWPC) [24] for triggering purposes are positioned
inside and in-between the two jet chambers. The lumi-
nosity is determined from the rate of the Bethe–Heitler
reaction ep→ epγ .
Monte Carlo simulation programs are used to sim-
ulate detector effects and to estimate the systematic
uncertainties associated with the measurement. For
the determination of the acceptance of the detec-
tor and the D∗± selection efficiencies, heavy flavour
(charm and bottom) DIS events are generated using
the AROMA 2.2 [25] program. This program, which
is based on the DGLAP evolution scheme, simulates
neutral current heavy quark production via photon
gluon fusion in leading order QCD including parton
showers and heavy quark mass effects. The mass of
the charm quark is chosen to be mc = 1.5 GeV while
the factorization and renormalization scales are set to
µ = √sˆ, where sˆ denotes the square of the invari-
ant mass of the heavy quark system. The GRV94-
LO [26] parton density functions (PDFs) are used for
the proton. Hadronization is performed in the Lund
String Model [27], as implemented in JETSET 7.4
[28]. The momentum fraction of the charm quark car-
ried by the D∗± meson is determined according to the
Peterson model [14] with the fragmentation parame-
ter c = 0.078 [29]. The influence of the details of
18 The positive z-axis of the H1 reference frame, which defines
the forward direction, is given by the outgoing proton direction.
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the fragmentation process on the acceptances and ef-
ficiencies has been investigated by varying the Peter-
son fragmentation parameter between c = 0.035, as
favoured in [30], and c = 0.1 which seems to yield
a better description of the hadronic final state in D∗±
events. This variation covers also the effect of other
fragmentation schemes as discussed in Ref. [1]. Alter-
natively the cluster hadronization model [31] as imple-
mented in the HERWIG program [32] has been used.
The inaccuracy due to the uncertainty in the QCD pa-
rameters is studied by varying the charm quark mass
mc and by changing the factorization and renormal-
ization scales to µ = √Q2 + 4m2c . The dependence
of the acceptances and efficiencies on the QCD evo-
lution scheme has been determined also by using the
CASCADE [17] event generator. Finally, the influence
of QED radiation on the efficiency is determined us-
ing the RAPGAP [33] program interfaced to HERA-
CLES 4.1 [34]. All Monte Carlo generated events are
fed into the GEANT [35] based simulation of the H1
detector and are subjected to the same reconstruction
and analysis chain as used for the data.
4. Kinematics
This analysis is restricted to those DIS events which
have a scattered positron detected in the backward
region of the detector. At fixed center of mass energy√
s the kinematics of the inclusive scattering process
ep→ eX can be completely determined by any two
of the independent Lorentz invariant variables: the
Bjorken scaling variable x , the lepton inelasticity y ,
the four-momentum squared Q2 =−q2 of the virtual
photon and the invariant mass squared W 2 of the
hadronic final state. In this analysis, these variables
are determined from the measurement of the energy
E′e and the polar angle Θe of the scattered positron
according to the expressions
Q2 = 4EeE′e cos2
(
Θe
2
)
,
y = 1− E
′
e
Ee
sin2
(
Θe
2
)
,
(1)x = Q
2
ys
, W 2 =Q2
(
1− x
x
)
,
where s = 4EeEp and Ee and Ep denote the energies
of the incoming positron and proton, respectively (the
positron and proton masses are neglected).
5. Event selection
The events for this analysis were triggered by a co-
incidence of an electromagnetic cluster in the SpaCal
with a charged track signal from the CJC and a ver-
tex which is coarsely reconstructed from the MWPC
information. The positron is identified as the most en-
ergetic cluster with E′e > 8 GeV as described in [43].
The cluster radius19 is required to be less than 4 cm,
consistent with an electromagnetic energy deposition,
and the cluster center of gravity is required to be
within 1.5 cm of the extrapolation of a charged track
segment from the backward drift chamber BDC. The
geometrical acceptance of the SpaCal and BDC im-
poses a limitation on the positron scattering angle of
Θe < 177.5◦. These limits and requirements restrict
the accessible range in Q2 from 1 GeV2 to 100 GeV2
and in the lepton inelasticity to y < 0.7. To mea-
sure the event kinematic quantities with sufficiently
good resolution y is further constrained to y > 0.05.
Good agreement is observed for all quantities related
to the scattered positron between data and the pre-
diction of the AROMA Monte Carlo simulation. The
contribution due to photoproduction background, i.e.,
Q2 < 1 GeV2, is everywhere smaller than 1% in the
selected kinematic region.
Charm production is identified by the reconstruc-
tion of D∗± mesons in the decay chain
(2)D∗+ →D0π+slow →
(
K−π+
)
π+slow(+c.c.)
using the D∗ −D0 mass difference method [36]. The
decay products are detected in the central track de-
tector. For each accepted track particle identification
is applied using the measurement of the energy loss,
dE/dx , in the central track detector. In order to re-
construct a D∗± meson candidate, unlike-sign charged
tracks are first combined to formK∓π± pairs in which
one of the particles should be consistent with a kaon
19 The cluster radius is defined as
∑
i log(Ei) · di
/∑
i log(Ei),
where the sum runs over all cells in the cluster: Ei is the normalized
energy of the cell i and di is the distance of the cell i from the cluster
centre of gravity.
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Fig. 1. Distribution of the mass difference $m = m(K∓π±π±s )
− m(K∓π±) for DIS events with D0 candidates in the vis-
ible range |ηKππ | < 1.5 and ptKππ > 1.5 GeV. The data
points are obtained from the K∓π± mass combinations fulfilling
|m(K∓π±) − mD0 | < 70 MeV. The solid line represents the re-
sult of the fit described in the text. The shaded histogram shows the
background expectation from the like sign K±π± pairs.
and the other with a pion according to their dE/dx
measurements. Among all possible oppositely charged
K∓π± pairs, those with an invariant mass consistent
within ±70 MeV of the D0 mass are combined with
a track of a second pion candidate (“π±slow”) having a
charge opposite in sign to that of the kaon. In Fig. 1 a
clear peak is observed in the distribution of the mass
difference $m = mKππ − mKπ around the nominal
D∗± − D0 mass difference of 145.4 MeV. A fit to
this distribution using a Gaussian for the signal and
a term ($m − mπ)α for the background yields a to-
tal of 973± 40 D∗± mesons in the acceptance range
of pseudorapidity20 |ηKππ | < 1.5 and transverse mo-
mentum ptKππ > 1.5 GeV.
20 The pseudorapidity of a particle is defined as η ≡
− ln tan(Θ/2).
6. Inclusive cross sections
The integrated and differential Born level cross sec-
tions for D∗± meson production in DIS are calculated
from the observed number ND∗± of D∗± candidates,
according to
(3)σvis
(
e+p→ e+D∗±X)= ND∗±(1− r)Lint ·B ·  · (1+ δrad) .
Here, r stands for the contribution of reflections in
the D0 mass window, coming from D0 channels other
than the one studied in this analysis. The value of
r amounts on average to about 0.03. The integrated
luminosity is denoted by Lint while B refers to the
branching ratio B = B(D∗+ → D0π+) · B(D0 →
K−π+) = 0.0259 ± 0.0006 [37]. The detection ef-
ficiency  is estimated to be 22.5% using AROMA.
The radiative correction δrad which correct to the sin-
gle photon exchange cross sections are obtained from
the program HECTOR [38]. Depending on the kine-
matic region δrad varies from +0.11 at small x and Q2
to −0.02 at large Q2. For the integrated visible cross
section it averages to 0.03.
6.1. Integrated cross section
The inclusive cross section for D∗± meson pro-
duction in the kinematic region 1 <Q2 < 100 GeV2
and 0.05 < y < 0.7, and in the visible D∗± range
|ηD∗ |< 1.5 and ptD∗ > 1.5 GeV is found to be
σvis
(
e+p→ e+D∗±X)
= 8.50± 0.42(stat.)+1.02−0.76(syst.)± 0.65(model) nb.
The errors refer to those from statistics, experimen-
tal systematics and additional systematics related to
the changes in efficiency obtained by using different
Monte Carlo generators and varying the model para-
meters.
The experimental systematic uncertainties are sum-
marized in Table 1. The largest contribution is due to
the uncertainty in the track reconstruction efficiency
in particular of low momentum πslow tracks and in-
cludes an investigation of K0s decays [39]. Other im-
portant sources include uncertainties in the extraction
of the D∗± signal, i.e., the determination of the back-
ground shape in the $m distribution and the D0 mass
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resolution. The uncertainties due to model dependen-
cies, as summarized in Table 2, include the incom-
plete understanding of the fragmentation process, the
effect of using the CCFM instead of the DGLAP evo-
lution scheme, the uncertainty due to the charm quark
mass, the sensitivity to the factorization and renormal-
ization scales and the change of acceptance due to
QED effects at the positron vertex. Details on these
studies are given in Section 3. The largest effect on
the efficiency is observed by varying the charm quark
mass by±200 MeV with respect to the reference value
of mc = 1.5 GeV and by changing the fragmentation
models and their parameters.
The visible inclusive D∗± meson production cross
section has been calculated in the NLO DGLAP
scheme with the HVQDIS program using the GRV98-
HO parton densities in the proton [40]. The predictions
range from 5.17 nb for a charm quark mass mc =
1.5 GeV and Peterson fragmentation parameter c =
0.10 to 7.02 nb for mc = 1.3 GeV and c = 0.035.
Table 1
Summary of the fractional experimental systematic uncertainties of
the inclusive D∗± meson cross section
Experimental systematic uncertainties
Trigger efficiency ±0.02
Track detector efficiency +0.075 −0.034
pt (πslow)-cut +0.025
dE/dx measurement ±0.03
Background shape ±0.05
D0 mass resolution +0.04 −0.025
Reflections from other D∗± decays ±0.015
Kinematic reconstruction ±0.04
Luminosity measurement ±0.015
Photoproduction background < 0.004
Branching ratio [41] ±0.025
+0.12 −0.09
Table 2
Summary of the fractional model dependent uncertainties of the
inclusive D∗± meson cross sections
Model uncertainties
Fragmentation model +0.035 −0.04
Evolution scheme (CCFM) −0.055
Charm quark mass +0.07 −0.02
Scale µ=
√
Q2 + 4m2c −0.015
QED radiation −0.025
±0.08
The hadronization fraction f (c → D∗+) = 0.233 ±
0.010 ± 0.011 [41] has been used. For the same
variation of mc and c , calculations based on the
CCFM evolution, as implemented in the CASCADE
program, yield a significantly higher cross section of
8.04 nb and 10.77 nb, respectively.
Disregarding the small differences in the kinematic
range, good agreement is observed in the inclusive
D∗± meson production cross section with the result
obtained by the ZEUS experiment [3]. The measured
value of this cross section agrees better with the
CASCADE prediction than with that from HVQDIS.
In previous publications [1,5] H1 reported much better
agreement between data and predictions from the
HVQDIS program. The larger difference obtained now
is due to the new determination of the charm quark
hadronization fraction f (c → D∗+) which is 16%
smaller than the previous value.
6.2. Differential cross sections
The measurement of single and double differential
cross sections enable more detailed tests of the valid-
ity of the DGLAP based HVQDIS calculations. Fur-
thermore, the comparison with the predictions of the
CCFM based Monte Carlo program CASCADE al-
lows a search for phase space regions particularly sen-
sitive to differences between these evolution schemes.
In Fig. 2 the inclusive single differential D∗± cross
sections in the visible region are shown as a function
of the event variables W , x and Q2 and as a function
of the D∗± observables ptD∗ , ηD∗ and the inelasticity
zD∗ = P · pD∗/P · q = (E − pz)D∗/2yEe, where P ,
q and pD∗ denote the four-momenta of the incoming
proton, the exchanged photon and the observed D∗±
meson, respectively. A bin by bin correction has been
applied to account for QED radiation. The errors
on the data points include all sources of systematic
uncertainties as discussed in the previous section,
i.e., the model uncertainties outlined in Section 3
and summarized for the integrated cross section in
Table 2. The central values represent the results
obtained from the DGLAP based AROMA program
while the changes observed when going to the CCFM
evolution scheme are attributed to the systematic
errors.
Fig. 2 also includes the expectations from the
HVQDIS program using the GRV98-HO parton den-
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Fig. 2. Single differential inclusive cross section σ(ep → eD∗±X) versus W , x, Q2 and pt D∗ , ηD∗ , zD∗ . The inner and outer error bars
correspond to the statistical and the total errors. The expectation of the NLO DGLAP calculation using HVQDIS with GRV98-HO parton
densities is indicated by the lower shaded band. The upper shaded band is the expectation of the CCFM calculations based on the CASCADE
program with the initial gluon distribution fitted to the inclusive F2 data. The upper and lower bounds of both calculations correspond to
(mc = 1.3 GeV, c = 0.035) and (mc = 1.5 GeV, c = 0.10), respectively.
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sity parameterization. The renormalization scale and
the factorization scale are set to µ=√Q2 + 4m2c . To
assess the systematic uncertainly due to the fragmen-
tation process the charm quark mass and the fragmen-
tation parameter have been varied from mc = 1.3 GeV
and c = 0.035 to mc = 1.5 GeV and c = 0.10. Al-
though the predicted visible cross section is smaller
than experimentally observed, the agreement with the
data in the shapes of the different single differen-
tial cross sections is reasonable. A significant dif-
ference is observed in the dσ/dη cross section. For
ηD∗ > 0 the measured D∗± meson production cross
section is larger than predicted by the calculation.
Since in the boson gluon fusion process the forward
region (ηD∗ > 0) is correlated with small zD∗ a simi-
lar discrepancy between data and theory is observed at
small zD∗ .
A possible cause of this deviation could be the sim-
plified grafting of fragmentation onto the HVQDIS
program. This approach includes the Peterson frag-
mentation with transverse momentum smearing but
does not account for the colour force between the
charm quark and the proton remnant which is expected
to result in a drag of the D∗± meson from the original
charm quark direction towards the proton direction.
To quantify this ‘beam drag effect’21 [42], a mapping
function from the ηc–ptc space to the ηD∗–ptD∗ space
has been constructed using the AROMA Monte Carlo
program which includes such effects. This function
has then been used instead of our original treatment
of fragmentation in the HVQDIS program. No signifi-
cant change in the ηD∗ and zD∗ distributions has been
observed by this procedure. A better description of the
ηD∗ distribution is obtained, however, when using the
HERWIG program to extract the mapping function, at
the expense of a 10–15% reduction in the visible cross
section prediction. This could only be compensated by
a considerable increase of the gluon density incompat-
ible with the results of the H1 NLO DGLAP for to
the inclusive F2 measurement [43]. It is therefore con-
cluded that the differences between the measurements
and the predictions from the HVQDIS program cannot
21 Note that the drag of the D∗± meson towards the proton
direction together with the transverse momentum of the D∗±meson
with respect to the charm quark is labeled beam drag effect in
Ref. [3].
be explained by the absence of colour drag effects in
these calculations.
Fig. 2 also presents the predictions of the CAS-
CADE program with the same variations of the charm
quark mass and the fragmentation parameter. The ex-
pectations from the CASCADE program are found to
agree better with the data in general and especially in
the positive η region.
In order to enable the study of correlations among
the observables in D∗± meson production, Figs. 3
and 4 show the double differential inclusiveD∗± cross
sections. It is evident that the excess observed in the
data with respect to the HVQDIS expectation at large
pseudorapidities (0.5 < ηD∗ < 1.5) is independent of
Q2 and is concentrated at small ptD∗ and small zD∗ .
It is especially in this phase space region where the
CASCADE program better represents the data.
7. Charm contribution to the proton structure
function
The charm contribution, Fc2 (x,Q
2), to the proton
structure function is obtained by using the expression
for the one photon exchange cross section for charm
production
(4)d
2σc
dx dQ2
= 2πα
2
em
Q4x
(
1+ (1− y)2)Fc2 (x,Q2),
where the contribution of the longitudinal structure
function is neglected. The visible inclusive D∗± cross
sections σ expvis (x,Q
2) in bins of x and Q2 are extrapo-
lated to a bin center corrected Fc exp2 (〈x〉, 〈Q2〉) by the
relation:
F
c exp
2
(〈x〉, 〈Q2〉)
(5)= σ
exp
vis (x,Q
2)
σ theovis (x,Q
2)
F c theo2
(〈x〉, 〈Q2〉),
where σ theovis and F
c theo
2 are the theoretical predictions
from the model under consideration. The measured
values of the visible cross sections, σ expvis (x,Q
2), are
listed in Table 3. Following the same line as in
previous publications [1,2,5] the HVQDIS program by
Harris and Smith [13] and the program of Riemersma
et al. [8] are used to calculate these quantities in the
NLO DGLAP scheme. In the kinematic range of the
current analysis the beauty contribution to the proton
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Fig. 3. Double differential inclusive cross section d2σ/dη dQ2 and d2σ/dpt dQ2 in bins of ηD∗ and ptD∗ (see Fig. 2 for details).
structure, Fb2 , is expected to be of the order of 1 to 2%
of Fc2 [44,45] and is therefore neglected.22
In Fig. 5(a) Fc2 is shown as a function of x for
different values of Q2 as extracted from the inclu-
sive D∗± cross sections using mc = 1.4 GeV. The
systematic error on the data points includes those de-
scribed in Section 6.1 as well as additional errors from
the extrapolation in Eq. (5). The bands show the pre-
dictions based on the gluon density extracted by the
H1 NLO DGLAP fit to the inclusive F2 measurement
22 If, however, the beauty cross section turns out to be large [46],
its contribution to D∗± meson production may have to be subtracted
from the visible inclusive cross section prior to the determination
of Fc2 .
[43]. The width of each band reflects the total uncer-
tainty of the prediction resulting from the uncertain-
ties on this fit, thereby exploiting the full correlations
arising from the constraints of the inclusive F2 mea-
surement. The influence of all the individual sources
of uncertainties considered in Ref. [43] for the deter-
mination of the gluon density and the strong coupling
constant αs has also been investigated here. The most
relevant variations with respect to theoretical calcu-
lations are the variation of the strong coupling con-
stant αs in the range 0.113  αs  0.167, of the fac-
torization and renormalization scale µ in the range
0.5(Q2 + 4m2c) µ 2(Q2 + 4m2c) and of the charm
quark mass in the range 1.3  mc  1.5 GeV. The
dominant sources of uncertainties are the experimen-
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Fig. 4. Double differential inclusive cross section d2σ/dη dzD∗ in bins of zD∗ and d2σ/dpt dzD∗ and d2σ/dpt dη in bins of ptD∗ (see Fig. 2
for details).
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Table 3
Inclusive D∗± cross section σvis in bins in x and Q2 for the visible range |ηD∗ |< 1.5 and ptD∗ > 1.5 GeV as extracted in the DGLAP scheme.
The values given in the columns denoted by 〈Q2〉 and 〈x〉 are the bin centres at which the values of Fc2 are given. The values of Fc2 extracted
in both the DGLAP and CCFM schemes are also presented
log Q
2
GeV2
〈
Q2
〉 [
GeV2
]
log (x) 〈x〉 [10−3] σvis [nb] Fc2 (DGLAP) Fc2 (CCFM)
0 to 0.375 1.5 −4.8 to −4.2 0.05 1.11± 0.19+0.15−0.28 0.114± 0.019+0.019−0.030 0.094± 0.016+0.014−0.024
−4.2 to −3.0 0.20 1.44± 0.28+0.55−0.34 0.053± 0.010+0.021−0.013 0.056± 0.011+0.022−0.013
0.375 to 0.625 3.5 −4.6 to −3.6 0.13 0.95± 0.13+0.14−0.13 0.161± 0.022+0.023−0.027 0.159± 0.021+0.024−0.022
−3.6 to −3.0 0.50 0.41± 0.07+0.11−0.09 0.082± 0.015+0.022−0.018 0.082± 0.015+0.022−0.018
0.625 to 1 6.5 −4.0 to −3.6 0.20 0.72± 0.10+0.27−0.08 0.309± 0.041+0.116−0.042 0.256± 0.034+0.097−0.031
−3.6 to −3.0 0.50 1.02± 0.11+0.21−0.10 0.151± 0.017+0.032−0.015 0.153± 0.017+0.032−0.015
1 to 1.25 12 −3.6 to −3.0 0.50 0.59± 0.09+0.11−0.11 0.276± 0.040+0.052−0.052 0.253± 0.037+0.048−0.047
−3.0 to −2.0 2.00 0.43± 0.07+0.16−0.04 0.174± 0.029+0.064−0.018 0.194± 0.032+0.071−0.021
1.25 to 1.5 25 −3.6 to −3.0 0.50 0.33± 0.06+0.08−0.06 0.508± 0.096+0.125−0.087 0.422± 0.079+0.105−0.071
−3.0 to −2.0 2.00 0.54± 0.07+0.07−0.09 0.278± 0.037+0.035−0.048 0.273± 0.036+0.036−0.047
1.5 to 2 60 −3.0 to −2.6 2.00 0.31± 0.06+0.07−0.03 0.348± 0.066+0.077−0.034 0.362± 0.068+0.081−0.035
−2.6 to −2.0 3.16 0.35± 0.06+0.09−0.06 0.272± 0.050+0.067−0.044 0.270± 0.050+0.069−0.043
(a) (b)
Fig. 5. Fc2 , as derived from the inclusive D
∗± meson analysis (a) in the framework of NLO DGLAP and (b) in the framework of CCFM, both
for mc = 1.4 GeV. The error bars on the H1 data points refer to the statistical (inner) and the total (outer) error, respectively. In (a) the shaded
bands represent the predictions of Fc2 from the H1 NLO DGLAP fit to the inclusive F2 measurements including all the uncertainties described
in the text. The dominant contribution arises from the uncertainty of mc . The ZEUS measurements [3] are shown for comparable values of Q2
indicated in parentheses (see [3] for a discussion of the extrapolation uncertainties). In (b) the bands represent the expectation of Fc2 from the
fit to the inclusive F2 in the CCFM scheme including only the variation of mc which in both cases ranges from 1.3 to 1.5 GeV.
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tal error on the F2 measurement at very small x and
the insufficient knowledge of the charm quark mass in
the range of the direct Fc2 measurements. For the dis-
played bands the different contributions are added in
quadrature. Fig. 5(a) also includes the results of [3] for
comparable values of Q2. These measurements sug-
gest a steeper rise at small Q2 towards small x than
expected from the calculations based on the gluon den-
sity in the proton extracted from the inclusive F2 mea-
surement.
The extraction of Fc2 according to Eq. (5) is faced
with an intrinsic problem. The measurement covers
about 30% of the total phase space for charm pro-
duction and the estimation of this acceptance frac-
tion depends significantly on the underlying model.
To be more explicit, two different calculations may
yield the same value for Fc theo2 (〈x〉, 〈Q2〉) but may
have different acceptances. They may then predict for
a bin in x and Q2 different cross sections σ theovis (x,Q2)
Fig. 6. Fc2 as derived from the inclusive D
∗± meson production
cross section as a function of Q2 for different values of x. The
error bars refer to the statistical (inner) and the total (outer) error,
respectively. The shaded bands represent the predictions of the
NLO DGLAP evolution based on the parton densities in the proton
obtained by the fit to the inclusive F2 for mc = 1.4 GeV including
all uncertainties described in the text. The black lines show the
predictions in the NLO DGLAP scheme for mc = 1.4 GeV using
the gluon density from GRV98-HO.
with consequent different values for Fc exp2 . To inves-
tigate the model dependence Fc exp2 is also determined
using the CASCADE program with mc = 1.4 GeV and
the results are shown in Fig. 5(b). The figure includes
also the prediction according to the CCFM evolution.
Here the bands indicate the uncertainty on this pre-
diction due to the variation of the charm quark mass.
The comparison of Fig. 5(a) and (b) reveals a steeper
rise in the predicted charm contribution to the proton
structure function at small x in the CCFM evolution
than obtained by the NLO DGLAP evolution. Using
the acceptances and efficiencies calculated from the
CASCADE program the measured values of Fc2 are
found to be systematically smaller than those deter-
mined with the HVQDIS program. The largest differ-
ences (up to ≈ 20%) are observed at small x values.
Despite the fact that a somewhat better consistency
between data and theory is observed when using the
CCFM scheme we choose to show in the following
the results in the NLO DGLAP scheme to allow com-
parison with earlier publications.
Fig. 7. The ratio of Fc2 over F2 as derived from the inclusive
D∗± meson analysis as a function of x for different values of Q2.
The error bars refer to the statistical (inner) and the total (outer)
error, respectively. The shaded bands represent the predictions of the
NLO DGLAP evolution based on the parton densities in the proton
obtained by the fit to the inclusive F2 for a central charm quark mass
of 1.4 GeV including all uncertainties.
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In Fig. 6 Fc2 is shown as a function of Q
2 for dif-
ferent values of x using the acceptances as calculated
with HVQDIS. As in Fig. 5 the bands indicate the
full uncertainty in the DGLAP NLO predictions for
a central value of the charm quark mass of 1.4 GeV
using the gluon density extracted from the fit to the
inclusive F2 measurement. The full line shows the
DGLAP NLO prediction using the gluon density from
GRV98-HO. Taking into account the different data
sets used for the determinations of the gluon densities,
the agreement of the different calculations is reason-
able. The data show a steep rise of Fc2 with Q2. The
slope, ∂F c2 /∂ lnQ
2
, contributes roughly half of the
slope of the inclusive structure function, ∂F2/∂ lnQ2,
measured at the central Q2 of each x bin in [43] in
the range 0.0002 < x < 0.002. This steep rise is rea-
sonably well reproduced by the NLO DGLAP calcu-
lations.
In Fig. 7 the ratio of Fc2 to the inclusive F2 [43] is
shown as a function of x for different values of Q2.
The contribution of charm production to the total F2
rises from about 10% at Q2 = 1.5 GeV2 and x ≈
10−4 to more than 25% at Q2  25 GeV2 and
x  5 × 10−4. Although this behaviour agrees with
expectation, at small x the measured ratio of Fc2 /F2
is larger than predicted in the NLO DGLAP scheme.
8. Conclusions
New measurements of differential cross sections
for inclusive D∗± production in deep-inelastic ep
scattering are presented. These are compared with
predictions based on both NLO DGLAP and CCFM
formalisms, the former made using the HVQDIS
program [13] and the latter using the CASCADE
model [17]. The predictions made using DGLAP
formalism tend to undershoot the data, particularly for
small D∗ transverse momenta, ptD∗ , and positive D∗
pseudorapidities, ηD∗ . The expectations of the CCFM
based model are in better agreement with the data.
Extrapolation of the visible D∗ cross section to
the full ptD∗ and ηD∗ phase space allows extraction
of Fc2 , the contribution of charm to the proton structure
function F2. These extrapolations are seen to depend
on the formalism used: that based on the NLO DGLAP
formalism typically produces a larger result for Fc2
than that made using the CCFM approach. Both results
are presented to allow consistent comparisons using
either formalism. The kinematic range presented has
been extended to lower Q2 than shown in the previous
H1 study, namely Q2 = 1 GeV2, and thereby to
lower x . The Fc2 measurements show large scaling
violations and a steep rise of Fc2 with decreasing x .
This rise tends to be steeper than expected from
the NLO DGLAP calculations, but agrees well with
the CCFM based expectations. Despite this apparent
better agreement, it is premature to prefer one of the
approximations to QCD over the other, in light of
the present experimental and theoretical uncertainties.
The extraction of Fc2 in both schemes shows that the
contribution of charm production to F2 exceeds 25%
for Q2 > 25 GeV2.
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